Introduction {#sec1}
============

Gene therapy is a therapeutic approach including the delivery of DNA or RNA.^[@ref1]−[@ref3]^ However, the safety profile and the efficiency of tumor gene therapy had been restricted due to the lack of a cancer cell targeted delivery system.^[@ref4]−[@ref6]^ Although folate is a essential ingredient for cell metabolism and DNA synthesis,^[@ref7]^ folate receptors (FRs) are limited expressed or almost absent in normal tissues while they are prominently expressed in tumor tissues.^[@ref8]−[@ref10]^ It is reported that the FR is overexpressed in approximately 30--40% of human colorectal carcinoma tissues, and its expression is also associated with the proliferation, migration, and invasion of tumor cells.^[@ref11]^ Therefore, FR-targeted gene therapy is a potential method to improve colon cancer treatment efficacy.

Colorectal cancer (CRC) is a primary cause of morbidity and mortality in the word.^[@ref12]−[@ref15]^ Despite the substantial progress in treatment modalities, the prognosis and survival status of CRC patients have not improved significantly.^[@ref13]^ Hence, less toxic therapeutic agents are destined to improve the survival status and even quality of life which are associated with CRC.^[@ref15]−[@ref17]^

Chemokine (C--C motif) ligand 19 (CCL19), a ligand of the chemokine receptor C--C chemokine receptor type 7 (CCR7), is expressed abundantly in the T-cell zones, such as lymph nodes and thymus. CCR7 chemokines and CCL19 are vital regulators of immune responses, because they regulate the migration of dendritic cells (DCs) and T cells into secondary lymphatic tissues, thus organizing the formation of immune synapse.^[@ref18]−[@ref21]^ In addition, recent studies have suggested that DCs themselves are also able to release CCL19 during activation and migration.^[@ref22],[@ref23]^ Therefore, CCL19 increases the probability of interactions between dendritic cells and lymphocytes in secondary lymphatic tissue and is able to regulate the primary and/or secondary adaptive immune responses. However, the reported CCL19 gene therapy showed low efficiency and was not widely applied in CRC treatment. In our study, the CCL19 was loaded by the folate-modified particleplexes, a novel self-assembly gene delivery system by using methoxy poly(ethylene glycol)-poly(lactide) (MPEG-PLA) and DOTAP. We proved that the transfected cancer cells could express and secrete high levels of CCL19, which will activate the immune system and show powerful antitumor responses subsequently. Additionally, the potential toxicity was dramatically decreased, and the long lasting expression of CCL19 stimulated stronger antitumor immune reactions. Moreover, the present research also studied the pharmaceutical property, in vitro biological activities, in vivo antitumor activity, antitumor mechanisms, and elementary toxicity assessment of DOTAP/FAPEG-PLA-CCL19 (F-DMA/CCL19).

Results {#sec2}
=======

Preparation and Characterization of FA-PEG-PLA and F-DMA/CCL19 {#sec2.1}
--------------------------------------------------------------

FA-PEG-PLA was prepared by the method described in [Supplemental Figure 1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf). First, HOOC-PEG-PLA was synthesized by a classic ring-opening reaction of lactide induced by PEG-COOH catalyzed by Sn(Oct)2. Folic acid was first linked with ethylenediamine and then coupled with PEG-COOH under DCC/NHS conditions to obtain the crude product. The final targeting polymer was further purified by dialysis to give TM as a white powder. The compound was characterized by ^1^H NMR, where the peaks were carefully distributed to the proton ([Supplemental Figure 2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

F-DMA and F-DMA/CCL19 were prepared through a self-assembly process. First, the interaction between FA-PEG-PLA and DOTAP was evaluated by molecular dynamics simulation. The interaction between DOTAP and FA-PEG-PLA in aqueous solution allowed them to get close ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). DOTAP adjusted its position and conformation in order to seek an interaction site on the surface of FA-PEG-PLA. Concurrently, FA-PEG-PLA changed its conformation so as to create place for DOTAP, and the interaction between them is stable. The TEM images showed that the morphological characteristic of F-DMA and F-DMA/CCL19 (model was presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A) were spherical particles and had a size of approximately 47 and 53 nm, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). The sizes of F-DMA and F-DMA/CCL19 were 92 and 108 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The zeta potential of F-DMA/CCL19 was 7 mv ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). DNA mobility shift assay was conducted to determine the gene-loaded capability of the F-DMA particles. The unwrapped DNA in the nanoparticles appeared as a bright band (lanes 1 to 12) (weight ratio of F-DMA/DNA: 1 to 3:0:1; 4 to 6:10:1; 7 to 9:25:1; 10 to 12:50:1), and no other bright band was observed from lanes 10 to 12 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E). Results indicated that the CCL19 DNA was completely encapsulated in the particleplexes at a weight ratio of F-DMA/DNA of 50:1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E).

![Interaction modes between copolymer and DOTAP revealed by Langevin dynamics simulation in water. (A) The initial conformation of FA-PEG-PLA copolymer complexed with DOTAP. Conformations (B), (C), (D), (E), and (F) correspond to snapshots of the complex collected at 100 ps, 200 ps, 300 ps, 400 and 500 ps, respectively. Copolymer FAMPEG-PLA is represented by a thin line. DOTAP is depicted by a thick line, and its carbon atoms are colored green. Two terminal heavy atoms in the FA-PEG-PLA copolymer are highlighted using a "ball" style.](oc-2018-00688f_0001){#fig1}

![Interaction modes between FA-PEG-PLA copolymer and DOTAP revealed by Langevin dynamics simulation near water. (A) The initial conformation of FA-PEG-PLA copolymer complexed with DOTAP. Conformations (B), (C), (D), (E), and (F) correspond to snapshots of the complex collected at 100 ps, 200 ps, 300 ps, 400 and 500 ps, respectively. Copolymer PEG and PLA are depicted with a solid surface and colored by elements and green, respectively.](oc-2018-00688f_0002){#fig2}

![Physicochemical properties of F-DMA/CCL19. (A) The structure model of F-DMA/CCL19. (B) Morphological characteristics of F-DMA and F-DMA/CCL19 by TEM observation. (C) Particle sizes of F-DMA and F-DMA/CCL19. (D) Zeta-potential of F-DMA/CCL19 particleplexes. (E) Gel retardation assay of DNA and particleplexes. Lane 0, DNA marker; lane 1--3, naked CCL19; lanes 4--12, different weight ratios of CCL19 with F-DMA. CCL19 was completely incorporated into F-DMA at a weight ratio of 1:50 in lanes 10--12, and particleplexes were prepared without free DNA.](oc-2018-00688f_0003){#fig3}

According to the observation under a fluorescence microscope, F-DMA had a high GFP transfection efficiency after 24 h ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The transfection rate was 35.1% (DMA) and 56.9% (F-DMA) detected by the flow cytometry method ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The supernatant of CT26 cells incubated with GS, F-DMA, F-DMA/pVax, DMA/CCL19, or F-DMA/CCL19 was analyzed for CCL19 expression. A higher concentration of CCL19 was found in the F-DMA/CCL19 group than that in other groups ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C).

![Transfection efficiency test of F-DMA/CCL19. DMA/F-DMA containing pEGFP (4 μg) was used to transfect CT26 cells at a weight ratio of 1:50 pEGFP to DMA and F-DMA. The transfection efficiency was measured by fluorescence microscopy (A) and flow cytometry after 24 h (mean ± SEM, *n* = 3; \* *p* \< 0.05, \*\**p* \< 0.01; F-DMA/GFP versus DMA/GFP) (B). Detection of CCL19 in cell supernatant from different groups by ELISA (mean ± SEM, *n* = 3; \*, *p* \< 0.05, \*\*, *p* \< 0.01; F-DMA/CCL19 versus DMA/CCL19; F-DMA/CCL19, DMA/CCL19 versus GS, DMA, DMA/pVax) (C). Scale bar is 200 μm. The results represent three independent experiments.](oc-2018-00688f_0004){#fig4}

F-DMA/CCL19 Stimulated the Activation of T Lymphocytes, Maturation of DCs and Polarization of Macrophages {#sec2.2}
---------------------------------------------------------------------------------------------------------

Herein, we speculated that the antitumor ability of CCL19 was attributed to the activation of DC and T cell. Transfection of CT26 cells with GS, F-DMA, F-DMA/pVax, DMA/CCL19, or F-DMA/CCL19 for 72 h was conducted, of which the supernatant was collected for lymphocyte, DC and macrophage culture for 24 h. We analyzed the subset of lymphocytes and found that the amounts of CD~4~^+^CD~69~^+^ and CD~8~^+^CD~69~^+^ lymphocytes in the DMA/CCL19 or F-DMA/CCL19 were more than those in other treatment groups (GS, F-DMA, F-DMA/pVax) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B). F-DMA/CCL19 or DMA/CCL19 treatment improved the level of CD~4~^+^IFN-γ^+^ and CD~8~^+^IFN-γ^+^ T cells compared to other treatments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C,D).

![Treatment with F-DMA/CCL19 activated T cells in vitro. When CT26 cells were transfected with GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19 for 72 h, the supernatants from different treatments were added to spleen-derived lymphocytes and treated for 24 h. The subsets of CD4^+^CD69^+^ (A), CD8^+^CD69^+^ (B), CD4^+^IFN-γ^+^ (C), and CD8^+^IFN-γ^+^ (D) lymphocytes were tested by flow cytometry. (mean ± SEM, *n* = 3; \*, *p* \< 0.05, \*\*, *p* \< 0.01; F-DMA/CCL19 versus DMA/CCL19; F-DMA/CCL19, DMA/CCL19 versus GS, DMA, DMA/pVax) The results represent three independent experiments.](oc-2018-00688f_0005){#fig5}

The numbers of MHC-II^+^ and CD86^+^ DCs also increased to 42.96% and 40.81% of the F-DMA/CCL19 group compared to the corresponding 29.25% and 28.33% in the GS control group ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

![Treatment with F-DMA/CCL19-induced maturation of DCs. When CT26 cells were transfected with GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19 for 72 h, the supernatants from different treatments were added to DCs and treated for 24 h. The subsets of MHC-II^+^ (A) and CD86^+^ (B) DCs were tested by flow cytometry (mean ± SEM, *n* = 3; \*, *p* \< 0.05, \*\*, *p* \< 0.01; F-DMA/CCL19 versus DMA/CCL19; F-DMA/CCL19, DMA/CCL19 versus GS, DMA, DMA/pVax). The results represent three independent experiments.](oc-2018-00688f_0006){#fig6}

In addition, the F-DMA-CCL19 treatment reduced the polarization of the macrophage to the M2 phenotype ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Specifically, the CD45^+^CD11b^+^F4/80^+^CD206^high^ cells of the control group were 33%, while the F-DMA/CCL19 treatment decreased the rate to 23% ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

![Treatment with F-DMA/CCL19 programmed macrophage phenotype to M1. When CT26 cells were transfected with GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19 for 72 h, the supernatants from different treatments were added to peritoneal derived macrophage cells and treated for 24 h. The cells were stained with CD45, CD11b, F4/80, and CD206 antibodies. The percentage of CD11b^+^F4/80^+^CD206^high^ M2 macrophage cells is shown (mean ± SEM, *n* = 3; \*, *p* \< 0.05, \*\*, *p* \< 0.01; F-DMA/CCL19 versus DMA/CCL19; F-DMA/CCL19, DMA/CCL19 versus GS, DMA, DMA/pVax). The results represent three independent experiments.](oc-2018-00688f_0007){#fig7}

Most importantly, F-DMA/CCL19 treatment triggered a higher number of CD~4~^+^CD~69~^+^, CD~8~^+^CD~69~^+^, CD~4~^+^IFN-γ^+^, and CD~8~^+^IFN-γ^+^ T lymphocytes and elevated MHC-II^+^, CD86^+^DC, and CD11b^+^F4/80^+^CD206^low^ M1 phenotype to a greater degree than the DMA/CCL19 group.

F-DMA/CCL19 Increased the Cytotoxic Effect of Lymphocytes {#sec2.3}
---------------------------------------------------------

The supernatant from CT26 cells transfected with GS, F-DMA, F-DMA/pVax, DMA/CCL19, or F-DMA/CCL19 for 72 h was used for lymphocyte incubation for 24 h. It was observed that the lymphocyte proliferation ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A) was significantly more in the F-DMA/CCL19 group than in control groups. Moreover, EdU was used to mark the lymphocytes in order to further identify which subset proliferated, and the results showed that the proliferated lymphocytes were CD8+ cells ([Supplemental Figure 3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

![F-DMA/CCL19 stimulated the cytotoxicity of T lymphocytes. When CT26 cells were transfected with GS, F-DMA, F-DMA/pVax, DMA-CCL19, and F-DMA/CCL19 for 72 h, the supernatants from different treatments were added into lymphocytes and treated for 24 h, and the lymphocyte activity was tested by the MTT test (A). When the lymphocytes were treated for 24 h, the supernatants were added to CT26 cells and treated for 24 h, and the CT26 cell activity was tested by MTT (B). The lymphocytes were treated for 24 h with cell culture supernatants collected from GS. F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19 groups, and the corresponding supernatants after 24 h of culture in each group were then collected for measurement of IFN-γ (C) and TNF-α (D) level. The lymphocytes were treated for 24 h with cell culture supernatants collected from GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19 groups, and the corresponding supernatants were then applied to culture macrophages, and then the culture medium was collected for measurement of IFN-γ (E) and TNF-α (F). F-DMA/CCL19 mediated IFN-γ and TNF-α expression was substantially higher than that of other groups. \**p* \< 0.05, \*\**p* \< 0.01 when compared with GS, F-DMA, or F-DMA/pVax-treated groups. The results represent three independent experiments.](oc-2018-00688f_0008){#fig8}

The supernatant of lymphocyte treated after 24 h was then used as the culture medium for CT26 cells. In our experiments, the proliferative response of CT26 cells was reduced by F-DMA/CCL19 treatment in comparison with GS, F-DMA/pVax or DMA/CCL19 treatment (*P* \< 0.05). The mock vector (F-DMA) alone did not induce a cytotoxic response ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B).

We observed that the secretion of TNF-α and IFN-γ were significantly increased in the F-DMA/CCL19 group than in other groups ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C,D). In addition, macrophages cultured with the supernatant derived from the F-DMA/CCL19-transfected CT26 cells also secreted higher levels of TNF-α and IFN-γ than the control group ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}E,F).

In Vivo Antitumor Effect of F-DMA/CCL19 {#sec2.4}
---------------------------------------

In vivo bioluminescence imaging also showed higher gene delivery efficiency to tumor tissue in mice given F-DMA/pDNA treatment than that given DMA/pDNA treatment (Figure [9](#fig9){ref-type="fig"}). And there is no difference in organs between F-DMA/pDNA and DMA/pDNA group ([Supplemental Figure 4A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)). And the expressions of CCL19 of different groups in the same normal tissue are uniform ([Supplemental Figure 4B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

![Imaging in vivo. First, pDNA was labeled with toto-3, and then the gene was carried by DMA and F-DMA. Mouse with abdominal tumor was administered with DMA/pDNA and F-DMA/pDNA labeled with toto-3 through intraperitoneal injection. (A) Images were taken by the IVIS Lumina imaging system after 5 h. (B) The content of pDNA in tumors in different groups (mean ± SEM, *n* = 4; \*\**p* \< 0.01; F-DMA/pDNA versus DMA/pDNA), The results represent three independent experiments.](oc-2018-00688f_0009){#fig9}

DMA/F-DMA and its corresponding particleplexes loaded with CCL19 were given to BALB/c mice with CT26 colon cancer by tail intravenous injection. There was an obvious retardation of tumor growth induced by therapy with F-DMA/CCL19 and DMA/CCL19, whereas mice injected with GS, F-DMA, or F-DMA/pVax showed a rapid increase in the tumor size. Both F-DMA/CCL19 and DMA/CCL19 treatments showed good antitumor effect relative to other particleplexes (F-DMA/pVax and GS), while no obvious differences were found among other treatment groups. In addition, F-DMA/CCL19 showed a better antitumor effect than DMA/CCL19 ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). No significant difference of body weight was found among all the treatment groups ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![Anticolon cancer effect of F-DMA/CCL19 in subcutaneous tumor model. (A) Tumor growth curves. (B) Body weight of different groups. (C) Tumor weight. (D) Tumor photos of GS, F-DMA, F-DMA/pVax, DMA-CCL19, and F-DMA/CCL19 treatment groups. Mean ± SEM, *n* = 6; \**p* \< 0.05, \*\**p* \< 0.01 when compared with GS-treated group. The results represent three independent experiments.](oc-2018-00688f_0010){#fig10}

Moreover, similar antitumor phenomenon was observed in the CT26 peritoneal model. The tumor nodules of mice administrated with F-DMA/CCL19 were fewer and smaller than other groups. Additionally, F-DMA/CCL19 administration also reduced the ascite fluid compared with other treatments ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}).

![Anticolon cancer effect of F-DMA/CCL19 in peritoneal colon cancer model. (A) Body weight. (B) Images of mouse and the corresponding tumor. (C) Tumor weight of different group (GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19-treated mice). (D) Ascites volumes of different groups. The number of tumor nodes in different groups: (E) Tumor nude (\<3 mm) of different groups; (F) Tumor nude (\>3 mm) of different groups. (G) Red blood cell number in ascites of different groups. (H) Survival curve detection of different groups. Mean ± SEM, *n* = 6; \**p* \< 0.05, \*\**p* \< 0.01 when compared with GS-treated group. The results represent three independent experiments.](oc-2018-00688f_0011){#fig11}

F-DMA/CCL19 Administration Resulted in Enhanced Immune Responses {#sec2.5}
----------------------------------------------------------------

We collected the peritoneal fluid, serum, and tumor nodules for analysis, and F-DMA/CCL19 administration increased the expression of CCL19, TNF-α, and IFN-γ in all experimental samples compared with the control groups ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}).

![F-DMA/CCL19 increased CCL19, IFN-γ and TNF-α expression in peritoneal colon cancer model. Peritoneal fluid, tumor tissue and serum of the five groups (GS, F-DMA, F-DMA/pVax, DMA/CCL19, and F-DMA/CCL19) were collected after two doses, and we measured the expression of CCL19, IFN-γ and TNF-α by ELISA in the peritoneal fluid (A), tumor tissue protein (B), and serum (C). Mean ± SEM, *n* = 5; \**p* \< 0.05, \*\**p* \< 0.01 when compared with GS-treated group. The results represent three independent experiments.](oc-2018-00688f_0012){#fig12}

To evaluate how F-DMA/CCL19 administration affected immune reactions, spleen tissues were subjected for flow cytometry to analyze the composition of different immune effector cells. F-DMA/CCL19 treatment activated T lymphocytes, as shown by the increased level of CD69+CD4+ ([Supplemental Figure 5A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)) and CD69^+^CD8^+^T ([Supplemental Figure 5B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)) cells. In addition, mice treated with F-DMA/CCL19 had more CD4^+^IFN-γ^+^ ([Supplemental Figure 5C](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)) and CD8^+^IFN-γ^+^ ([Supplemental Figure 5D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)) T cells, demonstrating that the antitumor effect could also be attributed to an increase of cytotoxic T lymphocytes (CTL). Moreover, F-DMA/CCL19 administration also significantly decreased the amounts of Tregs ([Supplemental Figure 5E](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

F-DMA/CCL19 administration also polarized macrophages to the M2 phenotype. The percentages of CD45^+^CD11b^+^F4/80^+^CD206^high^ macrophage cells in the peritoneal fluid ([Supplemental Figure 6A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf))) and tumor ([Supplemental Figure 6B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf))) were remarkably reduced after F-DMA/CCL19 treatment in the peritoneum colon cancer model compared with other groups. We also found the MDSCs (Gr1^+^CD11b^+^) in spleens and peritoneal cells percentages were significantly decreased after F-DMA/CCL19 treatment compared with control treatments ([Supplemental Figure 7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

F-DMA/CCL19 Induced Immune Cell Infiltration and Cancer Cell Apoptosis, Inhibited Tumor Cell Proliferation and Suppressed Tumor Angiogenesis {#sec2.6}
--------------------------------------------------------------------------------------------------------------------------------------------

As well-known, CD8^+^ lymphocytes and macrophages are main antitumor effector cells. Therefore, CD8 and F4/80 were used to test lymphocytes and macrophages. We found that CD8 lymphocytes and macrophages infiltrated into tumor tissue after F-DMA/CCl19 and DMA/CCl19 treatment. And the amounts were much higher in F-DMA/CCl19 treatment group than those in the DMA/CCL19 ([Supplemental Figure 8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

Ki67 staining of tumor sections from different treatment groups was performed to evaluate tumor cell proliferation. Similarly, [Supplemental Figure 9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf) showed fewer proliferating cells in the F-DMA/CCL19 group than those in other control groups. In addition, CD31 staining revealed that F-DMA/CCL19 and DMA/CCL19 groups also had a significant antiangiogenesis effect in tumors compared with other groups. Furthermore, TUNEL staining was also performed to examine tumor cell apoptosis ([Supplemental Figure 9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)). The F-DMA/CCL19 treatment induced much more TUNEL-positive cells than those of other groups. Overall, this evidence demonstrated that F-DMA/CCL19 could successfully generate antitumor effects through inducing cellular apoptosis and suppressing tumor cell proliferation and vascular formation.

Safety Assessment {#sec3}
=================

Vital organs (heart, liver, spleen, lung, and kidney) of different treatment group mice were collected and observed by HE staining to evaluate the safety of particleplexes. Results showed normal histological morphology in all the treatment groups, and no toxicity of F-DMA/CCL19 was found ([Supplemental Figure 8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)). Besides, hematological index analysis showed no obvious toxicities ([Supplemental Figures 10--12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00688/suppl_file/oc8b00688_si_001.pdf)).

Discussion {#sec4}
==========

In this research, we certified that the F-DMA based particleplexes obviously improved the transfection efficiency of CCL19 in CT26 cells as detected in vivo photography. The treatment of F-DMA/CCL19 to tumor-bearing mice exhibited significantly inhibition of tumor growth and reduced the burden of ascite formation. When compared to DMA/CCL19 and other groups, the F-DMA/CCL19 group showed a substantially increased expression of CCL19 in tumor tissues of mice, which might be beneficial from the F-DMA carriers. As detected in tumor sections, the potential antitumor effect was also realized by inducing apoptosis of tumor cells, suppressing proliferation and angiogenesis of tumors. Most importantly, F-DMA/CCL19 administration mainly stimulates the immune system, which is supported by our study results. Namely, a significant decrease in the percentages of MDSCs and CD4+Foxp3+ Tregs after F-DMA/CCL19 treatment showed by the flow cytometry assay. In the meantime, the percentages of CD8^+^ T cells, CD8^+^CD69^+^ T cells, CD4^+^IFN-γ^+^ T cells, and CD8^+^IFN-γ^+^ T cells were increased. Furthermore, we assessed the elementary safety of F-DMA/CCL19, and obseved no abnormalities in the vital organs of all groups of mice. So, we deduce that the F-DMA gene delivery system is a potential anticancer agent with a better safety profile, which enhanced the effectiveness of gene expression and targeted therapy.

Cancer gene therapy, a therapeutic delivery of RNA or DNA into the site of tumors, has caused wide attention.^[@ref24]^ Cancer cells replicated highly dependent on folate. They also expressed their own receptors which are not overexpressed on normal tissue. So we can use the folate receptor for targeted anticancer treatment.^[@ref25],[@ref26]^ The gene delivery system contributes to improve the specific delivery and expression of therapeutic genes in tumor tissue, thereby increasing the gene therapy efficacy. Another purpose of this work was to form a new folate modified carrier, attempting to overcome the low transfection efficiency of the nontarget systems.

Overall, in this context, we proved that F-DMA/CCL19 gene therapy enhanced both tumor cell apoptosis and immune response induction, leading to a significant suppression in cancer growth in both subcutaneous and peritoneum colon cancer mice models. Due to tumor rejection, cellular and humoral antigen-specific immune responses were enhanced in CCL19-treated mice. In our experiment, we observed a significantly increased expression of TNF-α and IFN-γ at the tumor site, as well as in cultured lymphocytes and macrophages after the treatment of F-DMA/CCL19. IFN-γ and TNF-α are multifunctional antitumor cytokine that play an important role in cell apoptosis, inflammation, and immunity.^[@ref27]−[@ref30]^ These cytokines may explain the high level tumor cell apoptosis, suppression of tumor cell proliferation and neovascularization in the F-DMA/CCL19-treated tumor tissue in this research. We also provided more evidence that the local cytokine environment was changed by inducing IFN-γ and TNF-α expression after CCL19 gene delivery directly into tumors, and these cytokine changes were one of the reasons of tumor regression.

F- DMA/CCL19 treatment increased the CD4^+^CD69^+^ and CD8^+^CD69^+^ population compared with the control treatment. In the F-DMA/CCL19 treated group, the production of IFN-γ by CD8^+^ and CD4^+^ T cells was also obviously increased, while the number of Tregs was decreased in comparison with the controls. One possible reason is that F-DMA/CCL19 treatment increased the expression of MHC-II and CD86 on DCs, which means the activation of DCs. Several studies reported CCL19 recruits DCs to treat tumor.^[@ref31]−[@ref33]^ DCs are the most powerful antigen-presenting cells which could mediate antitumor immunity by activating T-cell responses. The recruitment of DCs was also one of the most common methods in antitumor.^[@ref34]−[@ref37]^ Our study shows that the antitumor efficacy may be relevant with DCs recruited by CCL19 in the tumor site. Another possible reason might be that F-DMA/CCL19 treatment can lead to reduced MDSCs since MDSCs suppress the responses of T cells. A number of studies have proved that MDSCs elimination could break through immunosuppression inducing by cancer and enhance immunotherapy.^[@ref38],[@ref39]^ In addition, F-DMA/CCL19 treatment also reduced the macrophage polarization to the M2 phenotype. Previous studies have proved that M2-like TAMs favor tumor growth and angiogenesis, suppress adaptive immunity and promote tumors, and modulating the M1/M2 polarization status is of great importance for the development of novel therapies.^[@ref40]−[@ref42]^ In conclusion, F-DMA/CCL19 treatment could considerably improve the antitumor immune response.

Traditional chemotherapy for tumor therapy is featured by high toxicity, poor targeting, and will always impair the immune system due to adverse effects, while the particleplexes led to an efficient antitumor activity mediated by the activation of the immune system, and it is proved safe and nontoxic in our study. Besides, targeted therapy in this work has advantage over chimeric antigen receptor T-Cell (CAR-T) technology which also effects the immune system. A recent study^[@ref43]^ also suggested that suitable combinations CAR with IL-7 and CCL19, mimicked the function of T-zone reticular cells and recruited T lymphocytes and dendritic cells to tumor sites. This method improved CAR-T cells antitumor activities in solid tumor. However, as CAR-T cells could lead to T-cell expansion in vivo and release of cytokines, other immune cells such as macrophages might also secrete cytokines in response to the cytokines released by the infused CAR T cells. Thus, the most common weakness of CAR-T, which restricts its wide development and application, is the release of toxic levels of cytokines, referred to as cytokine release syndrome (CRS). In contrast, our study showed F-DMA/CCL19 treatment considerably improved the antitumor immune response partly by increased cytotoxic cytokines, while these cytokines will decrease with the condition of reduced tumor burden.

In conclusion, a novel and safe F-DMA-based particleplex loaded with CCL19 (F-DMA/CCL19) was prepared successfully. Folic acid modified nanoparticles increased the uptake of CCL19 by CT26. In vitro F-DMA/CCL19 transfected CT26 cells expressed high levels of CCL19. Particleplexes led to an efficient antitumor activity mediated by activating the immune system. Therefore, F-DMA-based particleplexes with therapeutic CCL19 gene is a prospective candidate in clinical application for CRC therapy.
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